Wave Radar (HFSWR) for the surveillance of coastal regions is faced with the problem of limited channel availability in the electromagnetic spectrum. Thus there is a need for multiple radars to share a common frequency channel. Proof-of-concept work is presented here for a method to operate multiple radar systems on a common carrier frequency. A review is provided of an existing concept where a common waveform is modulated by tones varying by a few hertz across the different radars. The signals from the different radars are separated by either pulse-domain filtering or Doppler processing. An experiment has been performed that demonstrates the feasibility of the method. Limitations of the method are considered in terms of the linearity of the propagation channel.
I. INTRODUCTION
In this paper we examine proof-of-concept work on a method to operate multiple High Frequency Surface Wave Radar (HFSWR) systems on a common carrier frequency. Operation on a common carrier frequency is advantageous for a network of HFSWR systems due to the limitation of available frequency channels in the electromagnetic spectrum. The use of coding methods to share carrier frequencies is a well-established technique. An existing code-based method has been selected for investigation due to its ease of implementation in practical radar systems. This method is described in Section II. An experiment is described in Section III that tests the method using the ionosphere as a target. The intent of the experiment is to simulate transmissions from two radars on the ground, both producing ionospheric echoes, and show that the echoes from the individual radars can be resolved within the signal processing of each radar. This method is demonstrated for the case of simple pulsed radar transmissions. However, similar results should be expected for more complicated phase code or continuous waveform radars.
Although this experiment can show proof of principle, due to limitations of time and cost it cannot explore all possible values of radar parameters of power, antenna gain, and integration time, that could be encountered during HFSWR operations. In particular, at higher effective radiated powers, the propagation channel for HF signals in the ionosphere becomes significantly nonlinear, and nearby signal frequencies from different radars can become coupled. Some consideration of this effect follows from work that has been carried out in socalled ionospheric heating experiments, where high-power HF waves are deliberately injected into the ionosphere to stimulate nonlinear plasma behaviour. It is shown in Section IV that the signal power levels associated with typical HFSWR systems do not put the propagation channel into a sufficiently nonlinear state to prevent the radars from operating effectively under the proposed frequency sharing scheme.
II. COMMON FREQUENCY WAVEFORMS
Let us consider a single radar employing a waveform s(t) of duration T . For radar applications, we desire that s(t) have good autocorrelation properties, that is the function
should be well-confined to an interval in τ on the order of the reciprocal of the bandwidth of s(t). For N radars to share a channel, we might desire that the pth and qth radar waveforms, denoted s p (t) and s q (t), where 0 ≤ p, q ≤ N − 1, have the cross-correlation property that
where δ pq is the Kronecker delta function, and χ(τ ) is again a well-confined function of τ . In other words, we desire good autocorrelation properties and zero cross-correlation. Waveforms with these properties can be easily constructed when the duration of the waveform is N T [1] . Thus if one is willing to accept a factor-of-N reduction in Doppler bandwidth, and thus maximum unambiguous target velocity, one can easily share a frequency channel among N radars. A class of waveforms was suggested in [2] that do not obey the zero cross-correlation property of Equation (2) but can still be separated after matched filtering. The concept is to take a radar waveform s(t) of duration T , concatenate N of these waveforms together, and modulate the sequence of waveforms with a continuous complex sinusoid. The pth radar would output an effective waveform of length N T given by
where 0 ≤ p ≤ N − 1. To illustrate how such signals could be separated, we consider a superposition of radar waveforms denoted by S(t):
where A p is some complex amplitude. Let us compute the correlation χ m (τ ) of S(t) and the shifted waveform s(t−mT ), where 0 ≤ m ≤ N − 1:
Since s(t) is zero outside of the interval (0, T ), we can shift the integration interval by mT as follows
The integral is equal to the ambiguity function for s(t) evaluated at (τ, p/N T ), which we will denote as χ(τ, p/N T ):
Thus we have a sum of the ambiguity functions modulated by tones in the pulse domain. One can now construct linear combinations of the matched filter outputs χ m (τ ) that will separate the signals. Let us consider the linear combinations
The intent is that when q = p, the linear combination D q will contain only the signal corresponding to radar p. The summation D q is equivalent to Doppler processing, although in the usual Doppler processing operation, one would Fourier transform across a number of waveform repetitions much larger than N in order to resolve finer velocity behaviour of the targets. If we insert χ m from Equation (8) into the previous equation, then we have:
Since the various radar signals are encoded with different sinusoidal modulations, as an alternative to the summation D q one can apply filtering methods in the pulse domain to remove the other radar signals. Due to start-up transients in any filtering operation, the state of the filter would have to be preserved across the boundaries of the coherent integration interval of the radar. 
III. EXPERIMENTAL RESULTS
Experiments using the method described in Section II were carried out in Ashton, Ontario, Canada. A transmitter, receiver, and single transmit and receive loop antennas were deployed to collect ionospheric echoes. The waveform consisted of a 1-kW peak power 200-Hz sequence of 250-µs Blackmanwindow pulses at a carrier frequency of 3.2425 MHz that were simultaneously modulated by tones at frequencies of 0 and 5 Hz to simulate two radars. The experiment used a coherent integration time of two seconds due to limitations of the data acquisition system that was available for the experiment. An example of a data set acquired at approximately 2300 local time on 31 August 2004 is shown in Figure 1 . The data set clearly shows the production of ionospheric echoes at frequencies of 3.242500 and 3.242505 MHz. The echoes extend to about 600 km in range. The large upper range extent of the echoes is attributed to off-vertical scattering from the ionosphere. The lowest altitude echoes represent ground clutter. The average background noise level is about 47 dB in this figure, and the peak signal strength is about 77 dB. SNRs higher than 30 dB could be achieved by using higher transmit power, higher gain antennas, and longer integration times.
The echoes displayed in Figure 1 can be viewed as a confirmation of the method described in Section II. In the radar waveforms described by Equation (3) 
IV. LIMITATIONS OF METHOD
The frequency sharing method and experiment described above is a transmission of a common radar waveform modulated by N tones, each spaced by a frequency 1/N T . This corresponds to a spacing in Doppler of typically a few hertz. While the experiments did not reveal nonlinear effects, it should be expected that for large amplitude signals, nonlinearities in the propagation medium can cause ionospheric echoes associated with one radar to spread into Doppler frequencies associated with the other radars by the formation of intermodulation products.
We estimate the intermodulation product levels by examining the physics of the plasma near the signal reflection layer. A model of the ionosphere consists of a dielectric medium with permittivity
where e is the charge on an electron, n e is the plasma density, 0 is the permittivity of free space, m e is the mass of an electron, ω is the incident wave frequency, and ω p is defined as the plasma frequency. An upgoing HF wave reflects from the ionosphere at the point where the ionospheric plasma density is sufficient that the right side of Equation (11) is zero. We now examine the plasma dynamics near this reflection layer.
A. The ponderomotive force
In this section, we describe the physical processes producing the nonlinear effects during wave propagation in the ionospheric medium, following [3] . Near the reflection height we assume the electric and magnetic fields form a standing wave pattern that can be described in the general form E(r, t) = E(r) cos ωt (12)
These fields accelerate charged particles in the plasma according to the Lorentz force law, where the force per unit volume of particles is given by
Here, n is the particle density, m is the mass of a particle, v is the particle velocity, and q is the particle charge. We treat E as a small perturbation to the equilibrium, which leads to small perturbations in B and v. Equation (14) is solved by keeping terms that are first order in the perturbation parameter. The first-order solution is then substituted back into the equation, and the equation is solved for all second-order terms. Since the term v × B is second order in perturbation, the first-order Lorentz equation is given by simply
where the subscript is the order of the perturbation. The firstorder position and velocity of the particles is thus given by
The first-order dynamics involve sinusoidal oscillation in the imposed fields. We now consider the second-order terms in the Lorentz force equation:
The second-order electric field E 2 arises from the excursion of the charged particles into regions of different field intensity during the sinusoidal first-order motion:
This term can be recognized as second order since it contains the product of two first-order factors. Combining the previous four equations, the second-order force is
Using the vector identity
and time-averaging, we find there is a DC component of F 2 :
F p is called the ponderomotive force, which serves to expel particles from regions of high electric field strength. In an electron-ion plasma, the total force on the ionized species is dominated by the electron component, since the force varies inversely with m. The ponderomotive force on the plasma is therefore given by Equation (22) with q = −e, n = n e , and m = m e .
B. Perturbation of reflection height
The ponderomotive force generally produces a plasma cavity that grows until the force is balanced by the plasma pressure gradient:
where κT is the electron energy. Assuming homogeneous temperature, we have
If we integrate this equation from above the reflection height, where there is no electric field, to the center of the cavity, we find that the fractional density depletion is given by:
The consequence of this result is that the plasma density at the reflection height is reduced, meaning that the wave now reflects at a greater height. This altitude increase creates a phase perturbation (α) to the radar signal, which is proportional to the power of the signal. Numerical integration of the wave equation in linear ionosphere profiles [4] shows that this phase perturbation is linearly proportional to power flux, with a value of approximately α=7×10
. We now calculate the size of the intermodulation products, following [4] . The incident wave field near the reflection height can be written as the sum of two carrier frequencies a few hertz apart:
We can consider the cos[(ω 1 − ω 2 )t/2] factor to be the instantaneous amplitude of a carrier wave at frequency (ω 1 + ω 2 )/2.
The reflected wave will have a phase lag φ proportional to the incident wave power that is given by
where η is the impedance of free space. Ignoring constant phase terms, the reflected wave is
The cosine factors can be expanded so that we can write
(30) We now make use of the identities
where J ν (z) is the Bessel function of order ν. Therefore
The power of the kth intermodulation product relative to the carrier is thus
where P s is the carrier power and P i is the intermodulation product power. To estimate this ratio for typical HFSWR systems, we take an average power of 1 kW, and consider two nearby radars with 0 dBi gain in the general direction of the ionosphere (at around 300 km range, but not necessarily directly overhead). The power from two radars will be coherent and thus quadrupled for a maximum power flux of about . Inserting this value into Equation (35) gives a k = 1 intermodulation product level of -103 dB, which is sufficiently low for the case of ionospheric clutter that is limited to about 60 dB SNR in typical HFSWR systems [5] .
V. CONCLUSION
This paper has discussed the implementation of a method that allows multiple radars to share a frequency channel. Section II reviewed an existing scheme that consists of modulating a common waveform by a set of tones that are spaced at frequency intervals of the waveform repetition rate divided by the number of radars (N ) sharing the channel. Section III provided experimental demonstration of the N = 40 waveforms, where two simulated radars produced signals that are separable by the operation of Doppler processing. Section IV showed that signal intermodulation due to ionospheric nonlinearity is negligible up to SNR levels of approximately 100 dB. In conclusion, the proposed method is a good candidate for sharing of frequency channels among N radar systems so long as the radar operator can accept a reduction in maximum observable target velocity by a corresponding factor of N .
